In this research, the effects of nanosilica particles and polymer on conventional properties of hot mix asphalt have been investigated. The study also investigates the application of various regression models for the prediction of optimum binder content (OBC). The proposed models use values for stability and flow obtained from Marshall test results. The asphalt binder was modified using polyethylene and polypropylene polymers with varying percentages of nanosilica. The fundamental mechanical and physical properties of composite nanosilica/polymer modified binder and aggregate-binder mixtures were estimated through penetration, softening point, rolling thin film oven tests (RTFOT) aging and Marshall test. The results show that application of nanosilica improves the stability, reduces optimum binder content (OBC), increases stiffness as well as strength characteristic of the asphalt mixtures. The regression models analyzed was found to yields good predicted values with a high coefficient of determination R 2 and very low percentage errors of less than 5%.
INTRODUCTION
The reduction in asphalt mixtures strength and durability as a result of moisture effects or other factors decreases the performance of asphaltic concrete [1] . Previous research shows that several types of pavement failures like cracking, raveling, rutting and potholes may be caused due to moisture damages [2] . The cohesive and adhesive bonding between aggregates and bitumen binder in asphalt mixture determines the performance of hot mixed asphalts (HMA) pavements [3] . The main process of moisture damage for HMA are a loss of bitumen binder film stiffness as well as the failure of cohesion (strength) and adhesion bond between bitumen binder and aggregate in the mixture. Moisture infiltrates the asphalt mixture through surface infiltration (permeability), vapour diffusion and capillary rise [4] .
Generally, two main methods are applied for improving adhesion and cohesion properties between aggregate and binder for increasing resistance of asphalt mixtures [5, 6] , these are through the use of liquid anti-stripping agents and modifiers [7, 8] . Anti-stripping additives are chemical activators which improve moisture resistance through altering the structure of bitumen binder with an aim to increase the cohesion as well as adhesive bond existing between aggregates and binder by providing a strong coating of binder on the aggregates [9] . The modifiers most commonly polymers are anticipated to increase the resistance of HMA through adhesion bond improvement between the aggregate surface and bitumen binder. Asphalt modifiers also improve adhesion bond between aggregates and binder through different mechanisms such as promoting binder spread all over the aggregate particles through binder surface tension reduction or enhancing at the same time the chemical behaviors of the bitumen and aggregate surface [10] .
Despite the polymers have been immensely popular modifiers, several challenges such as poor stability and moisture damages [11] [12] [13] [14] limits there applications and encouraged researchers to find new alternative methods towards improving the performance of polymer modified bitumen. Recent applications of nanomaterial's in conjunction with polymers enhances bituminous binder properties due to excellent properties of nano materials such as small particle size which makes them easily blend and more compatible with bitumen [15, 16] . The most common nanomaterials applied include nanosilica, carbon nanotubes, titanium dioxide, nanoclay, nanolime and nano zincoxide [17] .
Optimum binder content (OBC) is the most important parameter for conducting Marshal test. The Marshall testing procedure for the determination of OBC for asphalt mixtures involves lengthy steps which are time consuming.
However, after conducting the Marshall test only two parameters stability and flow are obtained directly while other parameters such as specific gravity of mixture, theoretical specific gravity, voids in mineral aggregate (VMA), stiffness, air voids (VA) as well as voids filled with bitumen (VFB) for estimating OBC are obtained through extra lengthy calculations. Therefore if a suitable relationship can be developed for prediction of OBC it will be very useful. The rest of the calculations can just be skipped and obtained an approximate OBC. Regression models can be a suitable mean to obtain relationships between marshal parameters for the prediction of OBC values for asphalt mixtures with reasonable accuracy [18] .
From previous researches, it is clear that incorporating polymers as modifiers for bitumen enhances its performance characteristics. However, poor improvements were reported with regard to moisture damages. Based on that, there is need on improving the performance of polymer modified binders, in view of that, this research investigates the application of polyolefenic polymers namely polypropylene and polyethylene due to their availabity as daily waste and nanosilica as an addition to polypropylene to improve the moisture resistance performance of polymer modified binders. Furthermore, the study investigates the application of various regression models for the prediction of optimum binder content (OBC) for asphalt mixtures.
MATERIALS AND METHODS

Materials
A bitumen binder grade 80/100 penetration was used for modification with polymers and nanosilica. The asphalt mixtures used for this research are prepared with composite nanosilica/polymer modified binders. Polymers linear low density polyethylene (LLDPE) in pellet form and polypropylene polymer in resin form were used in this research. The nanosilica used in this research for the preparation of nanocomposites has 99.8% SiO 2 content and average particle size of 10-25 nm.
A crushed granite coarse aggregate having a maximum nominal size of 19 mm, together with fine aggregate are selected for the preparation of asphalt mixture samples.
Experimental methods
Preparation of composite modified binders
The composite nanosilica/polymer modified binders were prepared by modifying the optimum concentration of 6% polyethylene and polypropylene polymers with the addition of 1%, 2%, 3% and 4% nanosilica by weight of bitumen binder. Bitumen binder was first subjected to heating inside the oven at a high temperature of 150°C for 1 hour. For the composites mixing a propeller blade bench top Multimix high shear mixer was used at a high shear rate of 4000 rpm for 2 hours. During the mixing process, the temperature was maintained at a rate of 150 ± 5°C throughout.
Marshall Mix design
The Mix design used for the preparation of asphalt mixture samples were based on standard Marshall Mix design method (ASTM D 2967) by applying 75 blows on both cylindrical samples sides having dimension approximately 102 mm diameter with a mean height of 64 mm. After preparation, the samples are immediately placed on a flat and smooth surface at room temperature prior to flow and stability testing (ASTM D1559) as well as bulk specific gravity testing (ASTM D2726).
Conventional test
Conventional penetration tests at a temperature of 25°C (ASTM D5 13) as well as softening point temperature test (ASTM D36 12) for consistency were conducted on the modified binders. Results found from penetration together with softening point temperature tests were used to obtain penetration index (PI) [19] which is estimated using equation 1.
where PITR&B is the penetration index, P25 is the binder penetration tested at 250 ºC, and TR&B refers to samples softening point temperature.
RESULT AND DISCUSSION
Conventional tests
Influence of nanosilica concentration on conventional properties of polymer modified binder before and after aging is shown in Table. 1. It can be seen that while penetration values for the binders are decreasing, softening point temperature is increasing with the addition of nanosilica. However, after RTFOT aging of the binders, the penetration values decreases and the softening point temperatures increases, this indicates that the binders are resistant to oxidative aging due to the formation of a strong chemical bond between bitumen and polymers. Penetration index (PI) is often estimated for quantification of the relative temperature susceptibility of the binders. The greater the PI value of a binder, the less the temperature susceptibility of the binder material [20] . It is obvious from Table 4 that PI values increase with the addition of more nanosilica content; hence this indicates binders susceptibility to temperature decreases and also the softening point increment observed after RTFOT aging of the binders, indicates that nanosilica reduces the effects of aging on the binders modified.
Marshall volumetric properties
Marshall stability, as well as flow values for the mixture sample tested, are summarized in Table 2 , all the values presented are an average of at least three mixture samples tested in order to obtain higher reproducibility of the results.
Marshall stability is one of the most important properties considered in the design of asphalt pavement wearing course. Stability is the measure of asphalt mixture ability to resist rutting under condition of traffic loading. It can be seen that Marshall stabilities for all the samples increases with nanosilica content, this indicates that addition of nanosilica provides an improvement in stiffness of the binders. However, the mixture having 3% nanosilica in both cases has higher stability values compared to other mixtures samples. This indicates that the mixture is harder and more resistant than other mixtures. Also, it is observed that nanosilica addition reduces the optimum binder content (OBC) for the mixtures. This can be attributed due to the surface nature of nanosilica particles.
Marshal quotient (MQ) is estimated to ascertain the resistance of the asphalt mixtures to shear stresses and rutting deformation of the modified mixtures. As it is can be seen the MQ increases with nanosilica content and 3% nanosilica mixtures has the highest values of MQ, this shows that nanosilica stiffen the mixtures and inhibit high flow which results in greater MQ values.
Flow is an ability of asphalt mixture to adjust to gradual settlements and movements without cracking. Flow is used to determine the reversible behavior of the wearing course under traffic loads.
The flow values of the composite modified mixtures are measured and also presented in Table  2 . Form the flow values it can be seen that lower flow values were obtained for the composite modified mixtures in comparison with the control mixture, thus indicating that modified binder helps in enhancing the strength of bituminous mixture due to formation of strong adhesion bond between the binder and aggregates.
Air voids (AV) is the amount of air presence in compacted asphalt mixtures. AV shows the percentage volume between the aggregate particles coated by asphalt binder in compacted bituminous mixture. It can be seen that the composite mixtures have sufficient flow values.
Prediction of OBC using stability and flow values
Statistical multivariable regression analysis is a modeling technique used for analyzing multiple variables in order to find the correlation between a dependent and one or sets of independent variables. In this study, multivariable regression models are developed for prediction of OBC directly from average stability (S) and flow (F) values from Marshal test. Linear, exponential and double power multivariable regression models have been developed.
For yielding good prediction accuracy, a multi variable regressions were used which are highly useful for fitting experimental data with more than one independent variable [21] . The LOGEST function from Microsoft Excel has been applied to estimate best fits straight lines for the data using the method of least squares, the general form for the exponential equations used is shown in equation 6. = *
Where Y is optimum binder content (OBC), S is stability, F is flow, a, b and c are constants.
Also for multivariable power regression model, the experimental stability and flow values are used. Initially, the natural logarithms for the data have been analyzed, after which 'LINEST' function in Microsoft Excel is applied to estimate the best fits straight lines for the data using the method of least squares [22] .
= (7)
Where Y is the optimum binder content (OBC), S is the stability, F is the flow and a, b, c are the constant dependent on the material.
The final multivariable regression models equations for both PE and PP mixtures obtained from linear, exponential and double power models are presented in equation 8 through 13. Table 3 . For PE composite modified mixtures, it can be seen that high coefficient of determination R 2 values in the range 0.89 -0.91 have been found for all the regression models developed and double power regression model has the highest R 2 value of 0.92, while in the case of linear and exponential regression models, approximately the same R 2 of 0.89 have been obtained. However, highest statistical F-value of 11.19 has been obtained in power model while linear and exponential model shows the least Fvalues of less than 10. The results indicate that the power regression model has been found to lead with higher F-value and coefficient of determination R 2 value among all the developed regression models.
PE Composite Mixtures
For PP composite modified mixture, it was also observed that high R 2 values have been found for all the regression models developed and also double power regression model has the highest R The developed regression analysis was plotted on 3D surface plots using Matlab program and presented in Fig. 2 and Fig. 3 for PE mixture and PP mixture respectively. In general it can be seen from both figures that the stability values for the mixtures increases with corresponding increase in OBC values up to around 5.5% OBC. In addition, the degree of determination and fitness of the developed regression models were verified graphically by plotting the predicted OBC against the actual OBC as shown in Figure 4a and Fig. 4b for PE mixture and PP mixture respectively. In general, it can be seen that all the observed points are relatively close to line of equality. This indicates that the models have highest degree of fitness. Furthermore, it was observed that the double power models has the highest degree of fitness compared to linear and exponential models as verified by its highest R 2 values, and therefore will provide the highest prediction accuracy. 
CONCLUSION
In this investigation, the effects of nanosilica and polymer on hot mix asphalt were evaluated and also the reliability of regression models for prediction of optimum binder content has been investigated. Based on the outcomes of the investigation, the following conclusions have been drawn: 1. Conventional penetration and softening point temperature test results have shown that nanosilica content enhances the stiffness of the polymer modified binders. Also, the penetration index for the composite modified binders increases with the addition of nanosilica content. This indicates that nanosilica promotes the decrease in the brittleness and temperature sensitivity reduction of the modified binders. 2. Based on Marshall Stability test, the Marshall stability values increases and optimum binder content decreases with increase in nanosilica content. This indicates an enhancement in binder's properties. 3. The experimental OBC and predicted OBC from models were found to be in good agreement with each other.
The predictive regression models analysis
shows that in all the models the percentage error has not exceeded 5%, and lowest error of 1.2% have been achieved with double power model for both mixtures this concludes that double power model offers high level of accuracy for the prediction of OBC.
